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Monday, February 4, 2013 273abinding to the amino- terminal domain of GluN2 subunits. Interestingly, zinc
inhibits GluN2A- containing receptors at lower concentrations than GluN2B-
containing channels. Luminescence resonance energy transfer (LRET) was
used to study GluN1 and GluN2A subunits of the NMDA receptor. Donor
and acceptor tags were attached through maleimide linkages to non- disulphide
bonded cysteines introduced at key sites to allow the probing of distances and
conformational changes. The amino- terminal domain tetramer organization
was also studied using this LRET technique. The LRET based distances be-
tween sites on the amino- terminal domain of GluN1 and GluN2A in the full
length receptor are similar to the distances in the tetrameric structure of the iso-
lated amino-terminal domains of GluN1- GluN2B and are dissimilar to the
structure of full length AMPA receptor. These results indicate that the full
length receptor has a similar organization as the structure of the isolated amino-
terminal domain of GluN1-GluN2B with the dimers being closely packed.
Additionally, the distances between subunits at the N-terminus of the amino-
terminal domain of GluN2A did not change upon addition of the allosteric
inhibitor zinc or upon binding of the agonists glutamate and glycine to the li-
gand- binding domain. The lack of changes at the amino terminus suggests
that the allosteric modulator- induced conformational changes are propagated
towards the agonist binding domain and in turn to the channel segments.
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N-Methyl-D-Aspartate receptors (NMDARs) are ligand-gated ion channels
that mediate excitatory neurotransmission in the mammalian central nervous
system. They are required for normal neuronal function and are a factor in sev-
eral neuropathies including Alzheimer’s disease and schizophrenia. Classical
NMDARs require both glycine (NR1) and glutamate (NR2) bound for receptor
activation. Reaction mechanisms for NMDA receptors have been developed
for several isoforms, however these models assume saturation of glycine sites
and a quantitative understanding of glycine association and dissociation kinet-
ics is currently inadequate. We measured current responses with fast applica-
tion of glycine (in 1 mM glutamate) onto outside-out patches containing
several NR1/NR2A receptors and observed relatively slow kinetics, with
a rise time of 4.9 5 0.6ms and deactivation of 105 5 8ms. Anticipating
a slow dissociation rate for glycine, we first developed models for two low-
affinity glycine-site full-agonists: L-serine (95% efficacy; EC50=0.21mM)
and 3,3,3-trifluoro-DL-alanine (132% efficacy; EC50=2.2mM). We used these
data to select best fitting multi-state kinetic models of several arrangements
and further validated these with cycles of simulations and experimental mea-
surements which included macroscopic responses to several stimulation pat-
terns. These models will be used to estimate glycine association and
dissociation rate constants. Work is in progress to validate these results with
macroscopic measurements. Knowledge about how glycine gates NMDA
receptors will offer insight to glycine-dependent NR1/NR2A kinetic mecha-
nisms and contribute to a more comprehensive understanding of the activation
of these physiologically important receptors.
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N-methyl-D-aspartate (NMDA) receptors mediate excitatory synaptic trans-
mission in central nervous system and play important roles in development
and synaptic plasticity, but have also been found to mediate neurotoxicity. Re-
cently, 2-naphthoic acid (NPA) and its derivatives have been identified as
allosteric, noncompetitive NMDA receptors inhibitors. The inhibitory selectiv-
ity of NPA derivatives among NMDA receptor subtypes was mapped to the
ligand-binding domain (LBD), and the binding site of NPA is proposed to
be located in the LBD dimer interface. However, the mechanism by which
NPA exerts inhibitory effect is still unclear. We examined how NPA affects
the gating reaction of NMDA receptors. Whole-cell patch clamp on HEK
293 cells expressing recombinant NR1-1a/NR2A showed that NPA has 90%
maximum inhibition with IC50 of 2.1 mM. Furthermore, by recording
single-channel currents from NR1-1a/NR2A receptors with 4 mM NPA, we
found a 62% decrease in open probability (Po), due to a 2.5-fold decrease
in mean open time (MOT) and a 2-fold increase in mean closed time
(MCT). Kinetic modeling suggests NPA increases energy barrier of gating
and destabilizes the open state, thus making NRs accumulate in the closed
states along the activation pathway. These results provide insight into the in-
hibitory mechanism of NPA, and help anticipate its effects on both physiolog-
ical and pathological conditions.1404-Pos Board B296
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Glutamate receptors ion channels (iGluRs) mediate excitatory transmission at
synapses in the vertebrate CNS, but have homologs in bacteria and plants.
We present a structural and functional characterization of AvGluR1, a recently
discovered iGluR from the primitive eukaryote Adineta vaga that has been sug-
gested as an evolutionary intermediate between bacterial and animal iGluRs.
Structure based alignments reveal that AvGluR1 clusters with bacterial recep-
tors, lacks a domain 1 loop and a conserved alpha-helix found in animal iGluR
ligand binding domains (LBDs), but contains a disulfide bond found only in eu-
karyotic iGluRs. Although AvGluR1 crystallizes as a dimer that superposes
well on the LBD of the intact rat GluA2 receptor structure, the isolated LBD
does not measurably interact even at protein concentrations as high as
135mM. Competitive [3H]-glutamate displacement assays for AvGluR1 LBD
as well as electrophysiological experiments on the intact receptor, demonstrate
that in addition to Glu, Asp and Ser, the hydrophobic amino acids Ala, Met and
Phe can also bind to and activate AvGluR1, producing moderately rapid and
fully desensitizing responses. Crystal structures of AvGluR1 LBD complexes
with Glu, Asp, Ser and Ala reveal a novel binding mechanism involving two
domain 2 Arg residues that directly coordinate the gamma-carboxyl group of
Glu/Asp. Binding of neutral amino acids like Ser/Ala also utilizes a unique
mechanism in which a Cl- ion substitutes for gamma carboxyl group of Glu,
acting as a countercharge for domain 2 Arg residues. [3H]-glutamate binding
experiments establish that the absence of Cl- drastically lowers the receptor’s
affinity for Ser/Ala but not Glu/Asp. Thus the present work illustrates a novel
scheme for the binding of multiple dissimilar ligands that may be utilized by the
distantly related odorant/chemosensory receptors, while emphasizing the need
for additional structure-based studies on iGluR-ligand interactions.
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2,3-Benzodiazepine (2,3-BDZ) compounds are a group of AMPA receptor in-
hibitors and are drug candidates for treating neurological diseases involving ex-
cessive AMPA receptor activity. We investigated the mechanism by which
GluA2Qflip receptor channel opening is inhibited by two 2,3-BDZ derivatives,
i.e. (2,3-BDZ-11-2) and its 1-(4-amino-3-chlorophenyl) analogue (2,3-BDZ-
11-4). Both compounds have a 7,8-ethylenedioxy moiety instead of the
7,8-methylenedioxy feature in the structure of GYKI 52466, the prototypic
2,3-BDZ compound. Using a laser-pulse photolysis approach with a time reso-
lution of ~60 ms and a rapid solution flow technique, we characterized the effect
of the two compounds on the channel-opening process of the homomeric
GluA2Qflip receptor. Both 2,3-BDZ-11-2 and 2,3-BDZ-11-4 inhibit the receptor
noncompetitively with specificity for the closed-channel conformation of the
GluA2Qflip receptor. 2,3-BDZ-11-4 is ~10-fold stronger, defined by its inhibi-
tion constant for the closed-channel conformation (i.e., KI = 2 mM), than
2,3-BDZ-11-2. From double-inhibitor experiments, we find that both com-
pounds bind to the same site, but this site is different from the two other non-
competitive sites we reported earlier (Ritz et al., 2008, Ritz et al., 2011). In
other words, 2,3-BDZ-11-2 and 2,3-BDZ-11-4 do not bind to either the site
where GYKI 52466 binds or the site where 2,3-BDZ-2 binds (see their struc-
tures below). Our results provide mechanistic clues to better understand
AMPA receptor regulation and establish a structure-activity relationship for de-
signing more potent 2,3-BDZ compounds with predictable properties for this
new noncompetitive site.
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NMDA receptors (NMDARs) are heterotetrameric glutamate-gated ion chan-
nels, typically composed of 2 GluN1 and 2 GluN2 subunits. The central func-
tion of NMDARs is gating - the process of converting agonist binding energy
into pore opening by repositioning M3, the major pore-lining transmembrane
helix. For glutamate receptors, it is largely assumed, though lacking direct
evidence, that gating occurs through tension: ligand-binding domain (LBD)
closure around an agonist generates tension in the linkers connecting the
LBD to M3 (the M3-S2 linker), shifting M3 away from the central pore axis.
274a Monday, February 4, 2013To directly test this model, we altered the tension of the GluN1 and GluN2A
M3-S2 linkers through residue insertions (to decrease tension) or deletions
(to increase tension). Based on single-channel analyses, we find that these ma-
nipulations specifically affect pore opening (as opposed to ligand binding) and
that they alter gating more dramatically in GluN2A than in GluN1. All-atom
molecular dynamics simulations on a modeled GluN1/GluN2A receptor
showed that this subunit-specific difference may arise, in part, from the dispa-
rate extensions and orientations of the GluN1 vs GluN2A M3-S2 linkers. Our
functional data also suggests that the GluN1 M3-S2 linker gates primarily
through tension. using rate equilibrium free energy relationship (REFER) anal-
ysis and length-tension analysis, we find that for the GluN1 M3-S2 linker, ten-
sion arises primarily during the C1-O1 transition (assuming a linear kinetic
scheme) with a spring constant of ~7.2 pN/nm, agreeing well with other biolog-
ical springs. In contrast, our functional data suggests that mechanisms other
than tension mainly mediate the role of the GluN2A M3-S2 linker in gating.
Alternative mechanisms may include twisting and changes in electrostatic
interactions.
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Ionotropic glutamate receptors (iGluRs) mediate communication at most excit-
atory synapses in the brain. iGluRs are organized into three major families–the
AMPA, kainate, and NMDA receptors. NMDA receptors are obligate hetero-
meric assemblies of glycine- and glutamate-binding subunits. Unexpectedly,
crystal structures of the glycine-binding GluN1 and GluN3A ligand binding do-
mains (LBDs) in their apo states reveal open and closed cleft conformations,
respectively. Computed conformational free energy landscapes also exhibit
minima at both open and closed cleft conformations for apo GluN1 and
GluN3A LBDs. The minimum at the closed cleft conformation is preserved
for the glycine-bound LBDs. In contrast, the free energy landscapes for the
NMDA and AMPA receptor glutamate-binding subunits GluN2A and GluA2
show a shift in the minimum upon glutamate binding. Principal component
analysis reveals a spectrum of conformational transitions that differ for the
GluN1, GluN3A, GluN2A, and GluA2 LBDs. This variation highlights the
structural complexity of signaling by iGluRs.
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Closure of the ligand-binding domain (LBD) of glutamate receptor channels
opens their gate by a mechanism that is not fully clear. We find that glycine sub-
stitutions of pore facing residues in the conserved SYTANLAAF region in the
transmembrane M3 helix of GluA2 improve gating. notably, replacing alanine
621 with glycine, two turns of the helix below the gate, resulted in a non-
desensitizing channel with significant agonist-independent basal activity and
~ 36-fold increase in glutamate potency without changes in expression or bind-
ing. On GluA2(A621G), the partial agonist kainate acted as a full agonist and
the antagonist CNQX acted as a partial agonist. In contrast, a glycine mutation
above the channel gate, reduced activity and glutamate potency. Therefore, clo-
sure of the LBD opens the channel by pulling apart the M3 helix around a pivot
at small flexible amino acids in the pore facing region below the gate, in a mech-
anism similar to potassium channel gating.
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Ionotropic glutamate receptors (iGluRs) are ligand-gated ion channels that play
critical roles in excitatory neurotransmission. A functional iGluR is composed
of four subunits, each containing an amino-terminal domain (ATD), a ligand-
binding domain (LBD), a transmembrane domain (TMD) composed of three
transmembrane helices (M1, M3 and M4) and a re-entrant loop (M2), as well
as an intracellular carboxyl-terminal domain (CTD). Formation of the tetra-
meric complex, which is a prerequisite for the receptor’s surface expression
and function, involves a dimeric intermediate. Nevertheless, the biophysical
mechanisms underlying iGluR oligomerization remain largely unknown. We
studied the relative energetic contributions of the different structural domains
to the oligomerization of iGluRs using blue native PAGE and fluorescent
size-exclusion chromatography (FSEC). We find that deletion of the M4 trans-
membrane helix renders AMPA receptors incapable of tetramerization andtraps them in a dimeric form, suggesting that the crucial dimer-to-tetramer tran-
sition is driven by molecular interactions within the TMD. Further highlighting
the importance of TMD to AMPA receptor tetramerization, the isolated TMD
of the GluA1 subunit, which lacks ATD and LBD, still form tetramers. On the
other hand, the GluA1 ATD is essential for the stability of homo-dimer inter-
mediates, although its absence does not prevent tetramerization. Interestingly,
the prokaryotic glutamate receptor GluR0, which lacks both the ATD and the
M4 helix, forms both dimers and functional tetramers. In contrast, GluA1 sub-
units lacking the ATD and the M4 helix (and thus topologically similar to
GluR0) do not oligomerize, forming monomers only. Our results indicate
that the mechanisms for tetrameric assembly differ significantly between
GluA1 and GluR0 in terms of the energetic contributions of each structural do-
main. Such differences may have important implications in the evolution of
iGluRs and their roles in fast excitatory neurotransmission.
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Glutamate is the major excitatory neurotransmitter in the brain, activating ion-
otropic receptors named for their selectivity to the agonists NMDA, AMPA,
and kainate (KARs). The KAR subunit GluK2 requires external ions, in addi-
tion to glutamate, to produce a detectable current, making it unique among
iGluRs. Interestingly, the non-decaying GluK2 mutant Y521C/L783C (YC/
LC) functions in the absence of external ions, and has been used to suggest
that ions initiate desensitization. We investigated this hypothesis through elec-
trophysiological recordings performed on outside-out patches excised from
HEK 293 cells. Unitary openings of YC/LC were extremely brief and sporadic,
suggesting that desensitization is intact. Meanwhile, its agonist potency rela-
tionship was consistent with the equilibrium current of wild-type (WT) recep-
tors, which is comprised of channels cycling between active and desensitized
states. Molecular dynamics simulations of YC/LC showed that sodium quickly
departs the cation binding pocket, in contrast to WT GluK2, where sodium is
more stable. As a result, we decided to study GluK2 E524G, a mutant that dis-
rupts the cation pocket. In most cases, glutamate only elicited measurable re-
sponses from E524G following application of the allosteric modulator
concanavalin-A (conA), a lectin that potentiates the WT equilibrium current,
and YC/LC to a lesser extent. Surface expression studies relying on TIRF mi-
croscopy and a pH-sensitive probe were used to confirm that poor functionality,
not trafficking defects, account for the small responses of E254G and YC/LC.
Moreover, WT GluK2 exposed to conA exhibits increased channel openings
during equilibrium, suggesting both mutants principally reside in desensitized
states. Our data argues that a reduction in cation binding coincides with desen-
sitization, rather than inhibition of desensitization, supporting the perspective
that external ions serve as KAR co-activators.
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The most important excitatory neurotransmitter in the central nervous system is
glutamate. Ionotropic glutamate receptors (iGluRs) thus play key roles in the
brain; for example they are associated with learning and memory at the molec-
ular level and implicated in various diseases. Binding of glutamate to the iGluR
ligand-binding domain (LBD) triggers opening of the transmembrane ion chan-
nel, facilitating influx of cations. As opposed to other iGluRs, kainate-selective
iGluRs (KARs) require binding of extracellular sodium and chloride ions to the
LBD dimer interface in addition to agonist binding to obtain normal activity.
We have examined the structural/dynamical effects of the presence/absence
of these ions in conjunction with mutations at the dimer interface of GluK2 re-
ceptors. Electrophysiological studies of a double cysteine mutant (Y521C/
L783C), cross-linking the LBD dimer, indicate that this mutant cannot be acti-
vated to wildtype(WT)-like high-conductance states but, as opposed to previ-
ous interpretations, does in fact reside mainly in a desensitized state.
Atomistic molecular dynamics simulations of the WT and the cross-linked mu-
tant reveal that whereas ions remain stably bound to the WT LBD dimer, they
tend to leave early in the simulations of the cross-linked mutant. Interestingly,
the mutant is also found to relax quickly to give a more open dimer interface
than theWT, consistent with the current model of the desensitized state. Similar
